Introduction
The human genome consists of some three billion nucleotide base pairs encoding approximately 25 000 genes. Nearly 10 000 genetic disorders have now been recognized due to alteration in the function of a single gene, affecting as many as 1% of all births worldwide (Korf et al 2008) . Neatly organized into online catalogues, the increasingly complete morbid map of the human genome can lull clinical geneticists into a false sense of security that we will soon understand all we need to know about genetic disease (http:// www.ncbi.nlm.nih.gov/). Single gene defects, however, offer only a partial view of the complexity of genetic disease. An even greater burden on human health is related to the dysfunction of genes at multiple genetic loci, resulting in such polygenic and multifactorial conditions as cleft lip and palate and isolated congenital heart defects. More recently, the accumulation of multiple derangements in sequential functions of a biological pathway has been recognized as a molecular mechanism for disease, best typified by the multihit process resulting in the development of cancer (Vogelstein and Kinzler 2004) . Inborn errors of metabolism have traditionally been viewed as single gene disorders, though modifying genetic and environmental factors are recognized (Scriver and Waters 1999) . Recently, we documented patients with clinical evidence of energy metabolism disorders who exhibited concurrent partial enzymatic deficiencies in more than one energy-generating pathway and showed that some of these patients were heterozygous carriers for mutations in multiple genes in these functionally related pathways (Vockley et al 2000) . This led to the hypothesis that such mutations cumulatively can cause physiologically relevant reduction of flux through metabolic pathways, a genetic phenomenon we termed synergistic heterozygosity. Synergistic heterozygosity is, in reality, a special example of epistasis or multifactorial inheritance, where multiple loci (heterozygosity for deleterious mutations in metabolic pathway genes) interact to produce a phenotype when the organism is environmentally stressed. This article will examine the implications of this hypothesis in the diagnosis, treatment, and understanding of metabolic disease with energy metabolism as an example and its potential impact on more common disorders such as diabetes and obesity.
Inborn errors of mitochondrial energy metabolism
Energy metabolism is a complex process that requires the activities of hundreds of proteins located in multiple cellular compartments, most prominently mitochondria and the cytoplasm. Mitochondrial b-oxidation requires the transport of activated acyl-CoA moieties into the mitochondria, followed by sequential removal of 2-carbon acetyl-CoA units (Ghisla 2004; (Figs. 1  and 2 ). These products, in turn, are used as fuel for the tricarboxylic acid cycle or the production of ketone bodies. Energy derived from the various steps of these cycles is efficiently transformed into ATP through oxidative phosphorylation (Shoffner 2001; Smeitink et al 2001) . b-Oxidation represents an important source of energy for the body during times of fasting and metabolic stress. Additional energy during fasting is generated through glycogenolysis and gluconeogenesis, while catabolism of simple sugars provides steady-state basal energy for cellular functions. Two recent studies integrating analysis of gene expression and proteomic data from mouse mitochondria have identified a network of at least 90 co-regulated genes involved in oxidative phosphorylation, b-oxidation, and the TCA cycle (Mootha et al 2003; Su et al 2002) .
At least 25 enzymes and specific transport proteins are involved in mitochondrial fatty acid metabolism and genetic deficiencies of many of these enzymes have been described . Entry of long chain acyl-CoA substrates is generally considered to be the rate-limiting step of b-oxidation, specifically their conjugation to carnitine by carnitine palmitoyltransferase I (CPT I) (McGarry 2001; McGarry and Foster 1980) . The first and rate-limiting step in b-oxidation within the mitochondrial matrix is the extraction of two electrons from an acyl-CoA substrate by a-carbon chain lengthspecific acyl-CoA dehydrogenases (ACADs) (Thorpe and Kim 1995) . The subsequent three enzymatic steps are performed by a combination of multi-and monofunctional enzymes depending again on the length and structure of the primary carbon backbone of the substrate (Ghisla 2004) .
Oxidative phosphorylation involves a highly organized set of over 150 proteins embedded within the inner mitochondrial membrane and organized into five functional complexes that comprise the respiratory chain (Shoffner 2001) . The oxidative phosphorylation complexes are in turn organized into higher-order supercomplexes that lead to greater functional efficiency (Heinemeyer et al 2007; Schagger 2002 ; Stroh et al Fig. 1 The carnitine transport cycle. Carnitine palmitoyltransferases I and II (CPT I and II, respectively) work in concert with carnitineacylcarnitine translocase (CAT) in the inner mitochondrial membrane to transport long-chain acyl-CoAs into the mitochondrial matrix. The yellow circle represents the plasma membrane high-affinity carnitine transporter 2004). These supercomplexes have been shown to support more rapid electron transfer rates both in vitro and in intact mitochondrial preparations, an effect postulated to be mediated through substrate channelling, catalytic enhancement, sequestration of reactive intermediates, stabilization of protein complexes, increase of the capacity of the inner mitochondrial membrane for protein insertion, and generation of mitochondrial cristae (Link et al 1986; Stroh et al 2004; Wallace 1992 Wallace , 1993 .
The physiological relationship between mitochondrial oxidative phosphorylation and b-oxidation has long been established, but evidence for a physical connection between the two pathways is scant. bOxidation has been postulated to occur in the context of a multi-protein complex, but this has been poorly characterized and no evidence exists to link it physically with the respiratory chain. Probably the strongest suggestion for such an interaction comes from studying patients with clinical deficiencies of the ETC. Many of these patients accumulate metabolites in blood and urine suggestive of dysfunction of multiple b-oxidation enzymes (Bennett et al 1994; Enns et al 2000; Vockley et al 2000) . Moreover, approximately 25% of fibroblast cultures from patients with complex I deficiency show a concomitant decrease compared with controls in the ability to oxidize palmitate (Venizelos et al 1998) . In mammals, reducing equivalents from ACADs are transferred via the electron transfer flavoprotein (ETF) to ETF:coenzyme Q oxidoreductase (Ruzicka and Beinert 1975) . Submitochondrial particles have been shown to catalyse the transfer of electrons from ETF to complex III through ETF:coenzyme Q oxidoreductase and the coenzyme Q pool (Frerman 1987) . A protein complex containing the ACADs, ETF, ETF: coenzyme Q oxidoreductase (ETF dehydrogenase, ETFD), and complex III has been identified but poorly characterized (Sumegi et al 1991) , and ETF and ETFD have been shown to form a stable complex (Parker and Engel 2000) . Finally, long chain 3-hydroxyacyl-CoA dehydrogenase has been shown to interact directly with ETC complex I at the inner mitochondria membrane (Kispal et al 1986; Sumegi and Srere 1984) .
Metabolic cycles and systems biology
The pathophysiology of a gene mutation in an IEM has typically been viewed in terms of its consequences on the function of a single enzyme. In reality, the effects are more correctly viewed as pleiotropic at a number of levels. For example, in null mice with deletion of the PPARa gene, the expression of multiple genes in several energy pathways and organelles was affected (Goetzman et al 2005) . Metabolic pathways are complex networks of interacting molecules consisting of individual components that must coordinately control their activities in the context of routine physiological function and reaction to stress. A complete quantitative description of the regulation of such networks is not possible, but by grouping related processes into a small number of functional modules, it becomes possible to describe the essential regulatory features within a system, as well as its response to internal and external stimuli such as mutations and environment, respectively. Metabolic control analysis Fig. 2 The mitochondrial matrix components of fatty acid oxidation. Reactions are as described in the text. ETF is electron transfer flavoprotein and FAD is flavin-adenine dinucleotide has been used to characterize a number of complex systems, including classical metabolic pathways (Fell 1992; Heinrich and Rapoport 1974; Burns 1973, 1995) . Most applications have sought to measure control coefficients, which describe how strongly each reaction influences the different variables (usually flux or concentration) in a system (Ainscow and Brand 1999a, b; Brand et al 1990; Brown et al 1990; Hafner et al 1990) .
Regulation of flux through a metabolic pathway in vitro is usually determined by a rate-limiting enzyme. However, the in vivo situation is more complicated, and metabolic control analysis instead seeks to describe flux through a biochemical pathway in quantitative terms related to the relative (cumulative) effects of all component enzymes and transporters involved in the pathway, along with changes in metabolic states (Fell 1992; Quant 1993) . For example, metabolic control analysis studies indicate that, while the potential for CPT I to control flux through mitochondrial b-oxidation is high, the ability of malonylCoA (an inhibitor of CPT I) to regulate flux through the pathway is dependent on several factors such as age and the relative malonyl-CoA concentration versus other metabolites (Krauss and Quant 1996) . Moreover, malonyl-CoA concentration in heart is high enough to completely inhibit b-oxidation according to predictions derived purely from the in vitro enzymatic properties of the CPT I (McGarry 2001; McGarry and Foster 1980) . In fact, metabolic flux experiments performed with isolated mitochondria in stage 3 respiration conditions (simulating a high-energy output state) have shown that CPT I activity must be inhibited >50% before flux through b-oxidation begins to decline (Eaton et al 2001) . Thus, to understand the full clinical effects of partial reductions of components in a metabolic pathway, one must consider them in combination rather than individually.
Simple phenotypes in yeast models offer some insight into the need to consider gene interactions in predicting the effect of any one mutation on an organism. Recent experiments studying the effect on cell growth in yeast of all possible combinations of double knockouts of 890 pairs of metabolic genes have shown that some of the combinations led to poorer growth than either alone. Some combinations, however, improved growth. Moreover, groupings of Faggravating_ and Fbuffering_ combinations led to the identification of both predictable and unpredicted functional relationships (Segre et al 2005) .
These experiments point to a need to consider another level of gene interaction when attempting to understand the effects of mutations on an organism. This global approach evaluates the interaction of complex pathways and has been designated Fsystems biology_ (Csete and Doyle 2002; Davidson et al 2002; Kitano 2002; Tong et al 2004) . While an understanding of genes and proteins continues to be important, the focus is on understanding a system_s structure and dynamics. Because a system is not just an assembly of genes and proteins, its properties cannot be fully understood merely by drawing diagrams of their interconnections or even calculating their control coefficients. Rather, it is necessary to understand both the interaction of the individual parts and as those unique qualities imparted to the system through interaction of the components.
Complex phenotypes and IEMs
Traditionally, the pool of patients with episodic symptoms suggestive of a defect in energy metabolism (such as recurrent fasting or stress-induced episodic muscle pain) who remain without a diagnosis after extensive clinical biochemical and enzymatic evaluation has proved a fruitful group from which to identify new enzymes and their deficiencies (Tonin et al 1990) . From this same pool, however, we have described a selection of patients who appear to exhibit a different phenomenon (Vockley et al 2000) . These cases are remarkable in that concomitant reductions have been identified in more than one enzyme involved in four different energy metabolism pathways including fatty acid b-oxidation, oxidative phosphorylation, glycogenolysis, and highenergy phosphate recycling. Thus, the co-existence of multiple single-gene mutations in an individual appears to have resulted in complex phenotypes characterized by the emergence of symptoms atypical of the heterozygote state of any of the individual underlying disorders (Vladutiu 2000 (Vladutiu , 2001 . Indeed, symptoms in these patients have not been directly predictable on the basis of the individual defects. In addition to our own patients, a few other cases of apparent complex deficiencies in energy metabolism consistent with the concept of synergistic heterozygosity have been reported (Rubio et al 1998 (Rubio et al , 2000 . It is, however, difficult to move beyond phenomenology strictly through case reports. Thus, attention has shifted to more testable systems that can be manipulated experimentally.
Multiple mutations in animal models
A number of mouse models of deficiencies in boxidation proteins have been created or identified.
These include defects in the carnitine transporter, CPT1a, VLCAD, LCAD, SCAD, MCAD, long and short chain 3-hydroxyacyl-CoA dehydrogenase, and mitochondrial b-oxidation trifunctional protein (Cox et al 2001; Guerra et al 1998; Hinsdale et al 1993; Kelly et al 1995 Kelly et al , 1997 Kurtz et al 1998; Wood et al 1989) . In general, the animals homozygous for single mutations are good models for deficiencies of these same proteins in humans, as they exhibit similar biochemical and clinical phenotypes. Specifically, the mice are well when maintained at room temperature with an ad libitum diet but become hypoglycaemic when either fasted or cold stressed. In addition, cold-stressed animals become hypothermic. Most importantly, heterozygote carriers of these same deficiencies show no or reduced symptoms compared with homozygotes when placed under physiological stress (Schuler et al 2005) . In contrast, mice with two or more heterozygous mutant alleles in one of several loci (VLCAD, LCAD, SCAD, PPARa, CPTIa) become hypothermic under identical conditions (Fig. 3) . Interestingly, double and triple heterozygous mice have milder biochemical derangements than any of the homozygous deficient animals. These experiments suggest that the accumulation of one mutant allele at two or more loci can lead to the development of clinical and biochemical abnormalities not associated with heterozygosity for any one of the alleles, i.e., synergistic heterozygosity.
Global changes induced by single enzyme defects
Incorporating system biology concepts into the study of inborn errors of metabolisms not only introduces complexities at the level of multiple gene dysfunction but also requires consideration of systemic changes induced by individual gene defects. For example, many of the symptoms in type I tryrosinaemia are not due to direct toxicity of the immediate precursor that accumulates as a result of the fumarylacetoacetate hydrolase deficiency, but rather are due to the secondary effects of accumulation of the alternative product succinylacetone. Recognition of this phenomenon led to the successful development of a treatment for type I tyrosinaemia (2-[2-nitro-4-trifluoromethylbenzoyl]-1,3-cyclohexanedione) that inhibits 4-hydroxyphenylpyruvic acid dioxygenase and prevents the accumulation of succinylacetone (Holme and Lindstedt 1995) . Changes in expression of a number of genes have been reported in an animal model of VLCAD deficiency. Acyl-CoA synthase, adipophilin, activator protein 2, cytochrome c, and the peroxisome proliferator (n = 3). The entire study was published in Schuler et al (2005) activated receptor g coactivator-1 were increased immediately after birth, prior to the development of overt histological lipidosis, while acyl-CoA synthetase was markedly downregulated in the adult heart (Exil et al 2003) . Using expression array analysis, we find that the genes in the pathways for mitochondrial fatty acid oxidation and inflammatory response are upregulated in VLCAD-deficient animals, while the respiratory chain genes are generally downregulated. In contrast, while fatty acid oxidation and oxidative phosphorylation are also upregulated and downregulated, respectively, in LCAD-deficient animals, the inflammatory response pathways are not altered. Rather, the expression of bile acid and cholesterol synthesis enzymes genes is downregulated and upregulated, respectively, in these animals (but not with VLCAD deficiency). Thus understanding the physiological ramifications of enzyme deficiencies requires a transition from attention only on the primary defect to a systems-oriented approach.
The scope of the problem
The risk for being homozygous for a mutation on both alleles of a single locus is of course the disease frequency, defined genetically as q 2 where q = the frequency of mutant alleles in the population. In contrast, the risk for being heterozygous for a mutation at any one of multiple loci (of equal frequency) is the sum of the carrier frequencies of mutant alleles at each locus: (n)(2q), where n = the number loci under consideration, and 2q is the risk for being a heterozygote for a mutant allele with a gene frequency of q. The likelihood of being heterozygous for mutations in multiple loci, then, is the independent risk of being heterozygote at one of those loci multiplied by the risk of being heterozygote at the remaining loci = [(n)(2q)][(nj1)(2q)] = (n)(nj1)(q n ), assuming an equal frequency of q for mutant alleles at both loci. The frequency of heterozygosity at any three alleles is [(n)(nj1)(nj2)(q n )], etc. In a metabolic system composed of 20 loci (an approximation of b-oxidation) each with a mutant allele frequency 0f 0.01 or 0.005, the incidence of being homozygous for a mutation at any one locus or compound heterozygous for a mutant allele at any two, three, four, or five loci is as shown in Table 1 . The difference in frequency between the homozygous and multiple heterozygous states becomes more pronounced for more loci and with a lower incidence of mutations. If the combination of mutant alleles leads to symptoms, this is defined as synergistic heterozygosity. Although this represents a simplified version of a metabolic system, it illustrates the main point: that individuals are more likely to be heterozygous for mutations at two or more loci than homozygous for mutations at any one locus. It thus becomes critical to be able to evaluate the physiological relevance of this situation through functional assays of flux through the metabolic cycle under consideration.
Physiological paradigms for synergistic heterozygosity
What are the cellular mechanisms for synergistic heterozygosity? There are two broad possibilities. The first is best described as a disruption in the mass action of the pathways involved. At its simplest, this mechanism implies that partial reduction in an enzyme activity leads to a reduction of product and thus of substrate for downstream reactions (Fig. 4) . Accumulation of such reductions at multiple steps would exaggerate this phenomenon and ultimately reduce overall flux through the pathway. Of course, this is an oversimplification of the dynamics of metabolic pathways and does not take into account rate-limiting reactions, substrate or product inhibition, metabolite channelling, or changes in gene expression or protein translation that might be induced. Nevertheless, the analogy to a pipe of ever-decreasing diameter restricting the flow of water to a greater extent at its distal end is a useful paradigm. The alternative mechanism is a biophysical one and is comparable to a dominant negative model. Here the individual enzymes that compose a metabolic pathway must function as a multiprotein complex that may in turn physically interact with other pathway protein complexes. In this situation, reduction of one protein in the complex due to a heterozygous, unstable mutation could disrupt the structure of the complex and lead to a reduction of the overall function of the pathway. The effect of the reduction of additional subunits would be expected to be additive. Of course, true dominant negative effects could also be seen with stable mutant proteins.
To examine these possibilities in the case of energy metabolism, we have begun to examine the physical relationship between mitochondrial fatty acid oxidation and oxidative phosphorylation (OXPHOS, Fig. 5 ). First, rat liver or skeletal muscle mitochondria were isolated, the mitochondrial membranes were gently dissolved with a mild detergent, and the resultant extracts were subjected to blue native acrylamide gel electrophoresis to separate OXPHOS complexes and supercomplexes. The gels were then transferred to nylon membranes and probed via western blotting with various antisera to b-oxidation enzymes. Extracts were also subjected to sucrose density centrifugation and fractions were analysed by blue native gel electrophoresis or enzymatic assays. VLCAD, LCAD, LCHAD, MCAD, SCAD, ETF, and ETFD were all found to be associated with respiratory chain supercomplexes in different patterns. When palmitoyl-CoA was added to the sucrose gradient fractions containing respiratory chain supercomplexes in the presence of KCN, cytochrome c was reduced. Cytochrome c reduction could be completely inhibited by myxothiazol (a complex III inhibitor) and MPA (methylpropionic acid, an inhibitor of the long chain acyl-CoA dehydrogenases), and only partially inhibited by rotenone (a complex I inhibitor). Thus, reducing equivalents generated by acyl-CoA dehydrogenase and the 3-hydroxyacyl-CoA dehydrogenase steps can each reduce cytochrome c. HPLC analysis of sucrose gradient fractions containing the linked FAO-OXPHOS complexes showed that palmitoyl-and octanoyl-CoA were completely oxidized without the appearance of intermediate boxidation products, indicative of metabolic channelling. These results provide direct evidence of physical interaction between b-oxidation and OXPHOS. Moreover, it appears that our preparation contains a complete, functional, multiprotein b-oxidation complex that supports metabolic channelling of physiological substrates. Examination of mitochondrial extracts from animals with combinations of heterozygous mutations in b-oxidation and OXPHOS genes should provide an opportunity to characterize the effects of these mutations on pathway function and complex stability.
Implications for the future
How relevant are multigene interactions likely to be in metabolic medicine? While the answer to this question will probably remain elusive for the immediate future, there is good reason to consider it. As many as half of all patients with recurrent rhabdomyolysis remain without a diagnosis following an extensive metabolic evaluation, as do a large number of patients with hypoketotic hypoglycaemia (Tonin et al 1990) . New Fig. 4 A theoretical metabolic pathway. Line 1 shows the flux through a pathway with five theoretical steps and one primary control point (rate-limiting step) and a secondary one. The height of the blue shapes represents the rate of flux through the pathway. The secondary control point might not normally be physiologically relevant unless flux through the cycle is altered through the primary control point for some reason (line 2). Line 3 shows a representation of a typical complete enzymatic block seen in a homozygous inborn error of metabolism. In line 4, multiple partial blocks in the pathway can lead to an overall decreased flux through the pathway and output of product (synergistic heterozygosity) disorders in this group of patients undoubtedly remain to be discovered, but some fraction may also have their symptoms as a result of multigene effects including synergistic heterozygosity. Perhaps even more significantly, dysfunction in energy metabolism is increasingly being recognized as playing a role in such common conditions as type 2 diabetes mellitus and obesity (Kelley et al 1999) . In light of this, we have recently begun an investigation to identify metabolic abnormalities in patients with these two conditions by analyzing blood acylcarnitine profiles form individuals with morbid obesity with or without type 2 diabetes. Dried plasma specimens spotted onto filter paper were assayed for butyl derivatives of acylcarnitines by the same tandem mass spectrometry method used for newborn blood spot screening. We found that numerous acylcarnitine species were significantly elevated in the plasma of obese and type 2 noninsulin-dependent diabetics (type 2 DM) as compared to lean participants, but none of the changes were of the magnitude found in inborn errors of metabolism (Fig. 6) . Surprisingly, the acylcarnitine profile did not suggest limited carnitine palmitoyltransferase I activity, a key regulatory step in fatty acid oxidation. Rather, the pattern of acylcarnitine accumulation showed two prominent patterns. First, both the obese and diabetic participants showed a similar accumulation of long-chain acylcarnitines consistent with decreased entry of substrate into the b-oxidation cycle following transport into mitochondria. Diabetic individuals displayed an additional accumulation of many shorter chain and hydroxyacylcarnitines, suggestive of inefficient interactions between b-oxidation and oxidative phosphorylation. All participants showed a very high correlation between glucose dysregulation and the accumulation of succinylcarnitine, indicating an as of yet unexplained association of insulin resistance with this species. Finally, the plasma pool of acylcarnitines was rapidly responsive to alterations in physiological state (i.e. insulin infusion), leading to a dramatic decrease in nearly all species. However, even with a euglycaemic insulin clamp, long-chain acylcarnitine species did not decrease as much in participants with type 2 DM as in lean or obese participants. Thus, plasma acylcarnitine profiles in obese individuals are consistent with the presence of a generalized defect in fatty acid oxidation that is even more pronounced in participants with type 2 diabetes.
Conclusion
The first century of metabolic medicine began with the simple observations of Garrod that led to his profound recognition of the nature of inborn errors of metabolism. The reverberations of his insight have echoed beyond the completion of the human genome project with its unmet promise that we would know all about Homo sapiens by knowing its entire genetic sequence. It is now clear that life in a protein world is more complex than predicted by nucleic acids. The protein diversity of humans far exceeds that of our nucleic acids, and the organization of proteins into functional pathways further magnifies this complexity. Understanding modifiers of inborn errors of metabolism caused by single gene defects as well as the role of smaller alterations in cellular metabolism on human health remain major challenges for the future. In this context, synergistic heterozygosity becomes a useful model, amenable to experimental manipulations to examine these issues. All in all, the second century of metabolic medicine should prove to be as exciting as the first!
